Introduction
The prediction of certain physical properties using theor etical models or simulation combined with experimental data allows for the development of new materials with properties that can be tailored for each desired application. The com bination of computational simulation and experimental tech niques is fundamental to understanding and predicting the physical properties of materials, with the goal of discovering new properties and applications. Computational simulation is a method used to access conditions that are very difficult to obtain experimentally and, hence, can provide physical insight into complex phenomena; simulation is also useful for planning experiments that require complicated setups. Among the several available computational simulation techniques, classical molecular dynamics (MD) is remarkable because it can predict several characteristics of crystalline and amor phous solids or liquids, such as structure, dynamic processes (diffusion, viscous flow, relaxation, and crystallization), and physical and chemical properties.
Crystalline BaO · 2(SiO 2 ) sanbornite is a mineral with an orthorhombic structure, space group Pcmn, containing four BaSi 2 O 5 units in a unit cell [1, 2] .
MD simulation and Raman spectroscopy can be a very useful combination when the vibrational properties of a mat erial can provide details regarding the physical properties. From the results of MD simulations, the total neutron scattering func tion, S N (q), the twobody correlation function, g(r), the bond angle distribution, ϴ(θ), and the total vibrational density of states, G(ω), can be obtained [3] . The vibrational density of states includes all optical and acoustic branches for all pos sible wave vectors within the Brillouin zone. Alternatively, for crystalline samples, the firstorder Raman spectrum shows peaks corresponding to the inelastic light scattering by optical phonons (optical vibrational modes) at the centre of the Brillouin zone; such inelastic light scattering obeys wave vector conservation, that is, the Raman selection rules. In this case, the acoustic phonon contributions are completely excluded. However, for structurally disordered materials, such as glasses, a breakdown of the Raman selection rules occurs. As a consequence, all vibrational modes can participate in the inelastic lightscattering process, resulting in a Raman spec trum very similar to the vibrational density of states given by MD simulations. Moreover, the Raman spectrum of a material in its glassy state and the Raman spectrum of a material in the isochemical crystalline phase have some similarities: the Raman spectrum of a glass can be considered as a broadened Raman spectrum of the crystal. Hence, for glasses, the G(ω) obtained by MD simulation and the Raman spectrum obtained experimentally are strongly correlated [4, 5] .
The structure of the barium disilicate glass has been reported using molecular dynamics simulation for two small sized systems. The analysis of the structure of this silicate glass using MD has been reported by Schlenz et al [6] for only 960 atoms, and Ray and Mountjoy [7] with a system with around 1200 particles.
In the present paper, we use a synergistic combination of MD simulations and Raman spectroscopy to better understand the structural and dynamic properties of barium disilicate in both states (vitreous and crystalline) as well as to characterize the crystallization kinetics by following the process in situ using Raman spectroscopy. Xray diffraction and differential scanning calorimetry (DSC) analysis were also used as com plementary techniques. The global objective of this research project is to shed some light on the details of the kinetic pro cesses occurring in supercooled liquids between their liquidus and glass transition temperatures. In this first study, we chose the barium disilicate (BaO · 2SiO 2 ) system because it is one of the very few glasses that shows stoichiometric homogenous crystallization predominately in the sample interior (when properly heated); in particular, we determined some aspects of its crystallization kinetics as a function of temperature [8] [9] [10] which it is useful to correlate with the current findings using MD simulation and Raman spectroscopy.
Material and experimental procedure
The barium disilicate glass (BaO · 2SiO 2 ) was obtained from a mixture of ground quartz, SiO 2 (Vitrovita, ⩾99.99%) and BaCO 3 (Vetec, ⩾99.9%). The reagents were dried separately at 120 °C for 12 h, weighed, and then well mixed in a plan etary mill. Next, the mixture was placed into a platinum cru cible and then calcined in an electric furnace at 1350 °C for 36 h. This procedure was performed to remove all carbonate (CO 2 ) and to promote the formation of the barium disilicate crystal phase [8] . After this calcination stage, the temperature was slowly raised to 1550 °C and maintained for 30 min to allow for complete fusion, and then, the liquid was poured and pressed between two stainless steel plates. To improve the chemical homogeneity, the glass was crushed and then re melted another three times. The chemical composition of the obtained glass was determined via wet chemical analysis; the results show that the final composition is very close to the desired stoichiometry (BaO · 2SiO 2 ).
To obtain fully crystallized samples, BS2 vitreous samples were subjected to isothermal treatments at 850 °C for 8 d. The crystalline phases of the treated samples were identified by xray analysis. The isothermal experiments were performed in a vertical furnace equipped with a typeR thermocouple (87% Pt and 13% Rd) with a precision of ±1 °C. Xray diffrac tion analysis was performed in a Siemens Ultimate IV xray diffractometer with a CuKα radiation source using the fol lowing parameters: scanning over a 2θ range from 10° to 80°, gular step of 0.02° and a counting time of 1/2 s. Data were collected at room temperature. The diffraction peaks obtained were indexed using the Search Match ® program. The Raman scattering measurements were performed with a Horiba Jobin Yvon HR800 Evolution microRaman spectro meter, using the 532 nm line of the Nd:YAG laser as the exci tation light; the laser power was maintained at a low level to avoid heating of the glass sample, thereby preventing undesir able crystallization. For the in situ hightemperature measure ments, we used a Linkan T1500 microfurnace coupled to the spectrometer.
The glass transition temperature (T g ) and the crystalliza tion peak were determined using DSC. Monolithic samples of approximately 10 mg were heated from room temperature to 1000 °C at a rate 10 °C min −1 in air atmosphere. The same heating rate was used to collect experimental data on cooling. An empty crucible was used as a standard. The experiments were performed in a NETZSCH STA 449C thermal analyser equipped with platinum crucibles.
Simulation details
Our molecular dynamics simulations were based on a twobody interaction potential that considers steric repulsion between the ions due to size effects, Coulomb interactions due to charge transfer between atoms, chargeinduced dipole attractions due to the electronic polarizability of atoms, and van der Waals attraction. This twobody interaction potential is given by
(1) In this equation, A is the steric repulsion intensity, σ k is the ionic radius of each ion, Z k is the effective charge of each ion (in units of the elementary charge e), α k is the electronic polar izability of each ion, and W is the intensity of the van der Waals attraction. η, λ and ξ are the exponents of the steric repulsion, screening of the Coulomb interaction and screening of the chargeinduced dipole attraction, respectively. The interaction potential is truncated at r c and shifted to ensure there is no discontinuity in the potential and force at r c [3, 11] . The shifted potential is given by 
The same functional form of the effective interaction potential has been used to describe several other materials, such as super ionic conductors [12, 13] , oxides [14] [15] [16] , and perovskites [17, 18] .
Among all empirical effective interatomic potential reported in literature, the empirical potential we proposed is extremely standard and has been used to simulate the properties of sev eral materials (for instance, SiC, Al 2 O 3 , BaBiO 3 , BaKBiO 3 , etc). After fixing the ionic radii, electronic polarizability and screening lengths, which are taken from published articles [19, 20] , only three parameters were fitted-the intensity of steric repulsion, the effective charges and van der Waals attrac tion. The appropriate interatomic potential must, at least, cor rectly describe the length and energy scales. At experimental density and zero pressure, the length scale can be verified by comparing the simulated staticstructure factor with the exper imental one determined by neutron or xray diffraction. In order to correctly describe the energy scale, some related exper imental information must be used so the best parameters for the interatomic potential can be found. Raman scattering provides the energy scale to be employed in the MD parameterization. Once the best set of parameters are determined, the simulation can produce the static and dynamical correlations of the system. The resulting values obtained in this study are shown in table 1.
Results

Molecular dynamics simulation
To validate the model proposed, we considered a system with 4320 particles (540 Ba + 1080 Si + 2700 O) in an orthorhombic box, using the experimental density (ρ = 3.68 g cc
) simulated in the micro canonical ensemble (constant number of particles, volume, and energy). The system was heated to 4000 K. From this high temperature, the system was cooled to 300 K at a cooling rate of 9.8 K ps . The proposed interatomic potential was valid ated in the amorphous phase at 300 K through its pair distribu tion function and staticstructure factor and then compared with the experimental data reported by Hasegawa and Yasui [21] . The crystalline phase was simulated with the system arranged in the sanbornite structure and the temperature fixed at 180 K.
Structural characterization.
After the system has been equilibrated at the desired temperature for a long run, in our case 50 000 time steps, the averages are taken over an addi tional 20 000 time steps. Knowing the atomic positions as a function of time allow us to compute the twobody correlation which was calculated from the definition where ρ is the total number density, ( ) αβ n r is the number of βparticles in a shell between r and r + Δr around an α particle, c β is the concentration of βparticles and the brackets denotes ensemble average as well as the averages over all αparticles. The coordination number-C αβ (r), which is the average number of βparticle around an αparticle, is calcu lated as an integral of the corresponding partial pair distribu tion function
and the total pair distribution function and neutron correlation function are defined as 
and the total neutron staticstructure factor defined as ( ) compared to the experimental data. There is no correlation beyond 7 Å. The origin of the correlations in the total pair distribution function can be identified through the partial pair correlation functions. Figure 2 shows all six partial pairs together with the total distribution function. The first peak in g(r) is clearly due to Si-O correlations, peaked at 1.67 ± 0.05 Å, whereas the second peak corresponds to the contribution of the Ba-O (peaked at 2.55 ± 0.05 Å) and O-O (peaked at 2.67 ± 0.05 Å) correlations. The bondangle distributions involving Si and O atoms are depicted in figure 3 . The fact that Si is fourfold coordinated with O and that the O-Si-O distribution has a very sharp peak at 109° allows us to conclude that there is a 'structural unit' composed of SiO 4 tetrahedra, as is indeed very well known for silicate glasses. All other angles are very similar to that of pure silica (note [22] ): the main difference appears only in the Si-Si-Si and Si-O-Si bondangle distributions, which are related to the connectivity of the tetrahedra. Compared to pure silica, the presence of Ba in the network introduces extra disorder into the tetrahedral connectivity.
While the shortrange order can be identified by bond length, bond angles and coordination number, the medium range order is not so straightforward. Hence, in order to understand the connectivity of the elemental tetrahedra, we computed the nonbridging oxygen, Q n , and the ring statis tics (a ring is defined as the closest closed path connecting alternating Si and O atoms). While sanbornite crystal is made of only sixmembered rings, the amorphous phase shows a wide ring distribution, going from threefold to 14fold rings! The nonbridging oxygen statistics shows that Detail of the evolution of the Boson peak with increasing temperature. Here, we show only the Raman spectra for three temperatures for clarity. The spectra were normalized to the peak at 550 cm −1 .
in the crystalline phase only Q 3 units are found, whereas in the glass a distribution of Q 1 -Q 4 is observed. These results agree with our Raman scattering results. The bondangle distribution involving the Ba is shown in figure 4 . Please note that all distributions involving Ba atoms are very broad, indicating no preferential arrangement of this element in the glass network.
Dynamical characterization.
From the phasespace tra jectory obtained from the integration of Newton's equation, it is possible to calculate the vibrational density of states from the Fourier transform of the velocity autocorrelation function defined as [12] ( ) (
where ( )
is the velocity at time t of the ith atom of species α (in this case Ba, Si or O) and the brackets denote averaging over all atoms and time origins.
The Fourier transform of the above equation allow us to obtain the corresponding partial vibration of states
and finally the total vibrational density of states defined as
was obtained. Figure 5 displays the phonon density of states for the BS2 system in both the crystalline and vitreous states.
To understand how each atom contributes to the vibrational density of states, figure 6 displays the partial G(ω) for the Ba, Si and O species separately. Note that, for low energies, the contrib ution is given only by the vibrations of Ba atoms in both the vitreous and crystalline states. In addition, the total G(ω) of the glass can be obtained by broadening the crystal distribution.
Raman scattering results
As mentioned above, the Raman spectrum and the vibrational density of states obtained by MD simulations are correlated because both originate from the atomic vibrations of a solid. In structurally disordered solids, such as glass, the correla tions are quite evident because of the breakdown of the Raman selection rules. Figure 7 shows the G(ω) from the MD simula tion and the Raman spectrum of the glass sample. Note that there is a very good agreement between the two sets of data; that is, the interaction potential used for the MD simulations describes the dynamical properties of vitreous BS2 very well.
However, for the crystalline case, the direct comparison is not so trivial because the G(ω) includes all vibrational modes for all wave vectors of the Brillouin zone, including the acoustic modes, whereas the Raman spectrum presents only the optical vibrational modes at the centre of the Brillouin zone, and only those active in the inelastic lightscattering process. Figure 8 shows a comparison in which several similarities can be depicted. To understand the temperature effects on the Raman spectrum of the vitreous samples, we performed measurements from 20 to ~900 °C, whose results are shown in figure 9 . The following is worth highlighting: (i) the broadening and shift to low wave vectors of all Raman peaks, which can be attributed to anharmonic effects normally observed in Raman spectra, and (ii) the increasing of the lowest wavevector peak area, the socalled Boson peak, as the temperature increases.
To follow the crystallization process, measurements were performed at 900 °C as a function of time; the results are shown in figure 10 . Once more, two effects can be observed: (i) the disappearance of the Boson peak and (ii) the narrowing along with increasing intensity of the other peaks. To charac terize the crystallization kinetics, the full width at half max imum (FWHM) of the 1050 cm −1 Raman peak was used, as displayed in figure 11 . From this result, the characteristic time τ c for total crystallization is ~60 min at 900 °C.
Regarding the Boson peak, some discussion is necessary. The origin of this Raman peak, although still controversial, is normally attributed to the G(ω) of the acoustic branches, which can be activated in the Raman spectrum due to struc tural shortrange disorder [23] [24] [25] . To study the temperature effect on the Boson peak area, the spectra of the vitreous sample were normalized by the peak at 550 cm −1 . Figure 12 shows the Raman spectra for three different temperatures. Figure 13 displays the temperature dependence of the Boson peak area, obtained by fitting a splitGaussian func tion using the Fityk free software. Note that the peak area, which can be directly correlated to structural disorder, shows a linear dependence to temperature. Moreover, extrapolating the straight line to T = 0, there is a nonzero value of the peak area. We conjecture that this behaviour can be explained by assuming that there are two contributions to the structural disorder: the thermal contribution (which depends on the temperature) and an intrinsic one (which depends only on the structural disorder of the glass). The situation could be analo gous to a 'static' contribution and a 'dynamic' contribution, similar to the Debye-Waller factor of xray diffraction. Figure 14 displays the Raman spectra obtained during cooling after crystallization at 1173 K for two h. The Raman results show that the spectra are due to only one phase and that the only difference between the spectra is the broadening of the Raman peaks at high temperatures; this broadening has been frequently attributed to phonon anharmonicity. This observation indicates that the high temperature phase of crys talline BS2 is the most stable one; there is no temperature induced structural phase transition for crystalline BS2 during the cooling process.
This result was corroborated by the DSC measurements shown in figure 15 , which shows no endo or exothermal peaks before crystallization. In these measurements, we per formed two runs: the first run involved increasing the temper ature to the melting point and then decreasing the temper ature to room temperature; the second run was performed in sequence, heating to 1270 K and then cooling again to room temperature. It is clear that after crystallization, no phase trans ition can be observed, corroborating the Raman results. To confirm the results from both techniques, xray diffraction was also performed using a BS2 sample fully crystallized at 1123 K for 8 d. The xray diffractogram displayed in figure 16 shows a single orthorhombic phase, corroborating the Ram d DSC results.
Conclusions
Using a combination of molecular dynamics simulations and Raman spectroscopy, it was possible to reveal the relevant details regarding the structure and dynamics of barium disili cate in both the vitreous and crystalline states. The proposed interaction potential describes the structural and dynamical properties of both glass and crystalline barium disilicate very well; hence, it is qualified to be used in the simulation of other properties, such as mechanical properties, connectivity between nonbridging oxygens, relaxation times, viscosity, specific heat, and atomic diffusion, among others.
We also demonstrated that Raman spectroscopy can be used to validate the proposed potential for MD simulations by comparing the vibrational density of states and the Raman spectrum of the vitreous material. Moreover, using Raman spectroscopy, it was possible to characterize in situ the kinetics of the crystallization process, using the FWHM of the Raman peak of the vitreous sample as a probe or, alternatively, the Boson peak area. Furthermore, the Raman results confirmed that the hightemperature orthorhombic phase of barium dis ilicate is the most stable.
